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ABSTRACT: Spaceborne C-band imaging radar, RADARSAT-1 and ERS-2, data were used to 
analyze variations in backscatter of snow covered landscapes in the northern Hudson Bay 
Lowlands near Churchill, Manitoba for winters 1997–98 and 1998–99. In spite of the quasi-
transparency of dry snow occurring at the 5.3 GHz frequency, variations in the intensity and the 
spatial patterns of backscatter reflect to some extent the snow cover characteristics during the 
period of peak accumulation. Field observations were used in support of the interpretation of the 
temporal variations in backscatter from six sampling sites representing typical terrain types 
commonly found in the Churchill area: open spruce forest, transition zone and fen. The analysis 
demonstrates that temporal C-band backscatter signatures in the presence of snow are influenced 
by several factors others than snow water equivalent such as incident angle, micro-topography, 
substrate and forest canopy. In addition, we found that the effect of snow cover on backscatter is 
secondary and manifests itself only after the soil has frozen on the first 20 cm. 
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INTRODUCTION 

Traditional snow measurements do not always meet the needs required to model the behaviour 
of snow packs in hydrological models. Satellite remote sensing data, particularly those acquired in 
the active microwave portion of the electromagnetic spectrum, could contribute to the 
improvement of means to monitor the spatio-temporal evolution of snow cover extent as well as 
the quantitative determination of snow cover parameters. A great deal is expected from spaceborne 
synthetic aperture radar (SAR) sensors since they offer the possibility to monitor snow cover over 
large areas, at a fine spatial resolution, without the effect of cloud cover or illumination conditions. 
Furthermore, as the radar signal is extremely sensitive to the presence of liquid water, SAR 
imagery permits to monitor snow cover during the snowmelt period. Therefore, SAR sensors 
represent a viable tool for studying snow cover in the context of hydrological investigations. 

In contrast to studies undertaken at passive microwave frequencies, the interaction between 
snow cover and radar return has not been as extensively investigated. Obviously, the late 
launching of operational SAR systems has limited the development of radar applications for the 
study of snow pack over continuous space–time scales. Regular spaceborne SAR experiments 
were conducted in the early 1990s using the European ERS-1 (1991) and Japanese JERS-1 (1992) 
satellites. Previously, only sporadic missions of short duration are reported in the literature (e.g. 
the civil radar system onboard Seasat-1 (1978) and the experimental mission SIR-A (1981) and 
SIR-B (1984)). Snow cover signatures have also been investigated with active microwave systems 
                                                 
1 LTMEF, Centre d’Études Nordiques et Département de Géographie, Université Laval, G1K 7P4, Sainte-
Foy (QC), Canada. 
2 CNRS FRE 2170, Géographie des Milieux Anthropisés, Université des Sciences et Technologies de Lille, 
Villeneuve d’Ascq, 59655 Cedex, France.  



during the 1980s from airborne SARs (e.g. Mätzler and Schanda, 1984) and ground-based radar 
instruments (e.g. Stiles and Ulaby, 1980; Ulaby and Stiles, 1980). Results of these studies have 
demonstrated the great potential of SAR for estimating snow cover physical parameters. 
Approaches to mapping wet snow cover with SAR, in particular, have now been well tested 
(Baghdadi et al., 1997; Koskinen et al., 1997; Kurvonen and Hallikainen, 1999; Pulliainen et al., 
1999; Nagler and Rott, 2000). In all, the ability of SAR for mapping snow-covered surfaces during 
snowmelt has been investigated much more than its potential for estimating snow water equivalent 
of dry snow covers. 

During winters 1997–98 and 1998–99, we scheduled the acquisition of RADARSAT-1 and 
ERS-2 images over the Churchill area, Manitoba, concurrent with four field campaigns during 
which we obtained traditional snow cover measurements (Pivot, 2000). Our primary objective was 
to evaluate the potential of these two spaceborne C-band SAR sensors for monitoring the spatio-
temporal evolution of snow cover parameters in the forest–tundra ecotone. First, by comparing 
two RADARSAT-1 images acquired during two consecutive periods of peak snow accumulation 
(1998 and 1999), we intended to confirm that dry snow cover affects backscatter variations at the 
5.3 GHz frequency by verifying: 1) that the backscatter patterns concretely match the snow cover 
patterns and 2) that the fluctuations in backscatter intensity from one site, and one winter to the 
next, reflect, to some extent, the fluctuations of snow water equivalent values. Then, we proceeded 
with a detailed study of backscatter variations throughout the snow season using both 
RADARSAT-1 and ERS-2 images (winters 1997–98 and 1998–99), for the main cover types 
represented in the Churchill area. In this paper, we will show that the diversity of edaphic 
conditions and vegetation types clearly influence snow cover distribution and stratigraphy as well 
as radar return. 

DESCRIPTION OF THE STUDY AREA, SITES 
AND SNOW COVER CHARACTERISTICS 

Churchill is located in northwestern Manitoba at a latitude of 59oN, in an area dominated by 
wetlands and where terrain elevation does not exceed 200 m (Fig. 1). This area encompasses both 
the southern limit of the continuous permafrost zone and northern limit of treeline and the 
continuous forest (Rouse, 1991). At the regional scale, Churchill falls within the High Subarctic 
ecoclimatic zone, characterized by a strong climatic gradient and where the boreal forest–tundra 
transition zone dominates. At the local scale, the influence of edaphic conditions combines with 
the influence of dominant winds from Hudson Bay to create a complex vegetation mosaic (Scott, 
1996). The Churchill area then is of great interest because it juxtaposes various terrain types with 
different degrees of roughness and aerodynamic properties influencing snow accumulation 
patterns, blowing snow, and overall, the satellite remotely sensed radar signals. Six snow sampling 
sites were selected in order to represent as best as possible the major terrain types within the study 
area (Fig. 1). An examination of snow depths, water equivalents and densities measured in the 
field at the six survey sites shows a great spatial variability in snow cover conditions. 

In open areas, snow cover remains shallow all winter long due to the redistribution and 
compaction of snow by wind. Snow depths do not exceed 20 cm on the shore of Hudson Bay (BR 
site) and 40 cm in the fen sites (SI and SII sites). Wind acts as a determining factor on density, 
first during accumulation and then during the evolution of snow cover. Snow cover consists of 
several dense and superimposed snow layers composed of rounded grains (0.5 mm) with a high 
thermal conductivity overlying layers of coarser particles, which are mainly of the faceted-crystal 
type. The deepest snow cover is encountered in the transition zone (T). The mean snow depth and 
water equivalent are 80 cm and 155 mm, respectively. The transition zone represents an effective 
snow trap during snow blowing events. The snow cover stratigraphy combines characteristics of 
both the fen and the forest snow pack and densities are at an intermediate level. The greater snow 
amount found in this area enables to keep the temperature at the snow/ground interface close to 
0°C, favouring the development of a thick depth hoar basal layer (circa 30 cm). Measured snow 
depths are twice as high in the forest (60 cm) than in the more open areas but water equivalents are 



very similar. Differences in snow density obviously explain the disparities in snow depths. As the 
snow cover in the forest is better protected by the wind effect, it is more homogeneous and less 
compact than in the fen. Consequently, snow cover acts as an excellent insulator. A significant 
quantity of depth hoar (2–4 mm cups) in the layers closest to the ground, and faceted crystals (1–2 
mm) in the upper portion of the snow pack can be observed. 

 
Figure 1: Study area and location of sampling sites. 

Located closer to Hudson Bay, the SII and FII sites are affected by more severe winds than sites 
located farther inland near Twin Lakes so that snow accumulation conditions are different in many 
respects. At the SII site, snow is not as equally redistributed by wind as at fen site SI. As this site 
is found in the partially forested section of the fen, shrubs and trees modify, during windy events, 
air flow patterns and promote the formation of snowdrifts. Wind effects also translate into a finer 
stratification of the snow cover. Since the shrub layer at the FII site is so much more developed 
than at site FI, the snow cover structure is typically lighter. The vertical vapour exchanges are 
spatially more irregular because of the higher density of the shrub branches. At the bottom of the 
snow pack, the mean diameter of depth hoar particles exceeds 4 mm so that the cohesiveness and 
density are both very low. Compared to the density of the lower portion of the snow cover 
measured at the FI site (280 kg m–3), the values here are close to 180 kg m–3. 

DATA COLLECTION AND PROCESSING 

Snow field measurements 
Snow cover measurements were meticulously accomplished within 2500 m2 quadrats along two 

perpendicular transects of 50 m in length. A regular interval distance of 10 m between sampling 
locations was chosen within each site and was augmented by additional measurements, depending 
on the importance of snow redistribution by wind. A minimum of 9 measurements characterizing 
the snow cover were available for each site (shown in Fig. 1). In the transition zone, where, of all 
sites, the spatial variability of snow depth was greatest, we purposely augmented the length of one 
of the two transects (100×50 m). At each sampling location, within each site, we systematically 
proceeded with: 1) a reading of snow depth with a metal probe, 2) the extraction of a snow core 
using a model ESC-30 sampling tube, in order to estimate snow density and snow water 
equivalent, and 3) a detailed description of the stratigraphy and grain size, as well as the dielectric 
properties of the snow cover. These observations were made at the same time as the RADARSAT-
1 overpasses of February, March, and May 1998, as well as March 1999. 



Remotely sensed data 
RADARSAT-1 and ERS-2 data acquired during the winters 1997–98 and 1998–99, were used 

in the analysis. RADARSAT-1 is a Canadian earth-observing satellite. Launched in 1995, the 
RADARSAT-1 C-HH (5.3 GHz) SAR operates at a variety of beam positions that supply users 
with images acquired with different off-nadir angles, various swath widths and spatial resolutions. 
The 14 RADARSAT-1 scenes used in the present study were provided in Standard beam mode 
(Tab. 1) which is a 16 bit, four-look image with a nominal resolution of 25 m and pixel spacing of 
12.5 m. All images were gathered during the early morning descending orbit on several dates 
during the course of winter 1997–98 and alternatively in descending (06H30 ±15 min, local hour) 
and ascending (18H00 ±15 min, local hour) orbits during winter 1998–99. The RADARSAT-1 
images were acquired at various look angles, ranging from 20° to 49° (S1 to S7 modes). 

Table 1. Date, hour and acquisition mode of RADARSAT-1 and ERS-2 images. 

RADARSAT-1 ERS-2 

Date Standard beam 
mode and 

Descending or 
Ascending 

Hour 
(GMT) Date Descending 

or Ascending 
Hour 

(GMT) 
97/11/12 S3 30–37° D 12:42 98/02/18 D 17 :18 
97/12/13 S3 30–37° D 12:38 98/03/09 D 17 :21 
98/01/16 S2 24–31° D 12:47 98/04/13 D 17 :21 
98/02/09 S2 24–31° D 12:46 98/05/18 D 17 :21 
98/02/20 S6 41–46° D 12:26 98/10/05 D 17 :21 
98/03/22 S1 20–27° D 12:51 98/11/09 D 17 :21 
98/03/23 S7 45–49° D 12:21 98/12/14 D 17 :21 
98/03/26 S4 34–40° D 12:34 99/03/29 D 17 :21 
98/05/06 S3 30–37° D 12:38  
98/05/10 S7 45–49° D 12:21  
99/03/17 S1 20–27° D 12:51  
99/04/01 S1 20–27° A 23:41  
99/05/04 S1 20–27° D 12:51  
99/05/19 S1 20–27° A 23:41  

 
ERS-2 data (European Space Agency) data are also being acquired since 1995. The ERS-2 

satellite carries a C-VV SAR system with a nominal resolution of approximately 25 m and pixel 
spacing of 12.5 m. ERS-2 SAR does not permit the acquisition of images with different off-nadir 
angles. The look angle is fixed and ranges from 20.1° to 25.9° across an image. Eight ERS-2 
images were acquired between February 98 and March 99 (Tab. 1). 

Radiometric calibrations were performed on all images and geometric effects were corrected 
using both orbital data, ancillary ground control points (GCPs) and twenty extra GCPs selected 
from topographic maps. Finally, for each radar image, 5×5 windows centred on the snow sampling 
sites were extracted and standard statistics (mean and standard deviation) were calculated from the 
sigma-nought backscatter values in power units. The results were then converted into 
backscattering coefficients expressed in decibels (dB). 

SPATIO-TEMPORAL BACKSCATTER VARIATIONS IN THE PRESENCE OF SNOW 

The effect of dry snow cover on radar backscatter: a comparison between two RADARSAT-
1 images acquired during periods of peak snow accumulation 

The comparison of RADARSAT-1 images acquired with the same incident angle (20–27°, S1 
mode) during periods of peak snow accumulation in 1998 and 1999 allows to visually interpret the 
effects of dry snow on radar backscatter (Fig. 2). On the image of 98/03/22, the backscattering 
coefficients are generally higher than on the 99/03/17 image. Since backscatter normally increases 
with snow water equivalent (Ulaby and Stiles, 1980), this variation certainly represents greater 
snow accumulation on the ground during winter 1997–98. Furthermore, since the radar image of 



99/03/17 is less contrasted than on 98/03/22, the dissimilarities between them can be explained by 
differences in snow cover distribution. The snow pack had likely been more recently deposited 
and less redistributed by winds on 99/03/17. 

 
Figure 2: Comparison of two RADARSAT-1 images acquired in Standard beam mode S1 during the period 
of peak snow accumulation for winters 1997–98 and 1998–99. Areas within the white boxes show how SAR 

backscatter intensity can be significantly modified by snow cover conditions. 

The variability of snow cover conditions from one year to the other can be assessed through the 
examination of backscatter variations along two transects crossing successively sites FI, T and SI 
(Fig. 3). On 98/03/22, radar backscatter gradually increases from open to forested areas, and a 
substantial difference between the fen and open forest is observed. In the fen, the backscattering 
coefficients fluctuate roughly between –20 and –15 dB. In the transition zone, the values lie 
between –15 and –9 dB while they exceed –10 dB in the open forest. In contrast, the difference in 
backscatter between the fen and open forest is considerably smaller on 99/03/17. Unlike the 
previous winter, the amplitude of the radar return is stronger in the fen and weaker in the open 
forest, and does not hardly change in the transition zone. This type of situation can typically be 
observed at the beginning of the snow accumulation period, when snow cover has not yet been 
modified to a great extent by climatic events, especially blowing snow events. 

 
Figure 3: RADARSAT-1 backscatter variations along two transects crossing successively the fen (SI), 
transition zone (T) and open spruce forest (FI), near Twin Lakes, during the period of maximum snow 

accumulation in winters 1997–98 and 1998–99. 



Traditional snow cover measurements made at the time of RADARSAT-1 overpasses confirm 
the role of snow in the variability of observed radar backscatter values (Fig. 4). In the six sampling 
sites, a deeper snow cover was observed on the ground in March 98. The examination of snow 
water equivalent values is particularly revealing too. In the transition zone, water equivalent 
measurements indicate a difference of more than 50 mm between the two winters. Even the Beach 
Ridge site, with its thin snow cover, shows a difference. The greater amount of snow on the 
ground in winter 1997–98 introduces additional snow compaction which, as a result, translates 
into higher snow density values. Based on snow fall and snow depth measurements made at the 
Churchill Airport weather station, we found that the beginning of snow accumulation period was 
late in winter 1998–99 compared to 1997–98. The examination of snow water equivalents reveals 
that snow cover was considerably less redistributed by wind on 99/03/17, as supported by the 
smaller standard deviations compared to 98/03/22 (Fig. 4). Stratigraphic profiles showed that the 
snow cover underwent greater metamorphic transformations in March 98. This resulted in a 
predominance of faceted-crystal and cup-shaped types in the various layers of the snow pack. In 
contrast, the more recent development of accumulation strata observed on 99/03/17 was supported 
by the large amount of fine rounded grains, even in the lower horizons. 

 
Figure 4: Traditional ground-based snow cover measurements (snow depth, water equivalent and density) 

acquired coincident with RADARSAT-1 overpasses during the period of peak snow accumulation for winters 
1997–98 and 1998–99. Shown are means, ±1 standard deviation. 

Multidate analysis of backscattering coefficients for various snow cover types 
The backscattering coefficients extracted from the RADARSAT-1 images are shown in Figure. 

5. First, we observe a variation of the radar signal as a function of incidence angle. While the 
surface conditions were nearly identical, the backscattering coefficients extracted at the SI site 
dropped abruptly by more than 4 dB between 98/03/22 and 98/03/23–26. The incidence angle is 
not a factor only proper to the radar sensor. It also depends on terrain slope, vegetation height and 
density, and surface roughness. The presence of a thick ice layer underlying the snow cover at site 
SI as well as the hummock-hollow micro-topography characterizing both the SI and SII sites 
likely contributed to the modification of the radar signal for incident angles greater than 40°. 

By examining the temporal evolution of the backscatter coefficients for beam modes strictly 
acquired from S1 to S3, we find that: 1) between 97/11/12 and 97/12/13, the radar return decreases 
sharply at every site with ground freezing and 2) between 97/12/13 and 98/03/22, backscatter 
increases by 1 to 4 dB in parallel with a deepening of the snow cover. These results agree with the 
observations made by Ulaby and Stiles (1980), who established a significant positive relation 
between snow water equivalent and backscatter. However, the radar return from natural snow-
covered surfaces is affected by several parameters other than snow water equivalent (Bernier and 
Fortin, 1998), such as snow stratigraphy and granulometry, surface roughness and the presence of 
a forest canopy. The strongest increases in backscatter prevail for the snow sampling sites SII and 



FII (4.05 dB and 3.95 dB, respectively). On the other hand, at the FI site radar backscatter only 
increases by about 1 dB. As for the transition zone (T), the evolution of backscatter seems totally 
apart from the trend described at the other sites. At T site, radar backscatter values remains 
relatively stable throughout the winter season, even slightly decreasing as one approaches the 
period of peak snow accumulation. 

 
Figure 5: RADARSAT-1 temporal backscatter signatures at the six snow sampling sites. 

Shown are means, ±1 standard deviation. 

The radar return in the forested areas is noticeably stronger than in open areas. On 98/03/22, the 
backscatter coefficients recorded at FI and SI sites differ by more than 5 dB. This difference can 
be explained by both a larger amount of snow at the open forest site and the contribution of the 
forest canopy to radar backscatter. Forest canopy is a strong microwave scatterer so it strongly 
affects the radar signal. The amount of radiation scattered by the forest adds to the scattering from 
the snow pack. The effects of the forest cover on the radar return vary following its density, 
structure and composition (Bernier, 1987). The C-band radar signal, for example, is mainly 
scattered by the coniferous needles, especially at the HH polarization. The contribution of 
branches, on the other hand, dominates at the VV polarization (Fung, 1994). In addition, the 
influence of the forest cover on backscattering depends on the incidence angle (Alasalmi et al., 
1998). As the T and SII sites are partially treed, these sites occupy an intermediate position 
between the lower backscatter values observed at SI site and the stronger returns measured at the 
FI site. Indeed, the amount of snow is higher than that observed at SI site so that the snow volume 
scattering is higher too. In contrast to the coniferous forest, trees are more widely spaced so that 
even if the snow cover is deeper, the backscattering coefficients are weaker because of a less 
important contribution of vegetation canopy to the radar return. 

The effect of wet snow on radar backscatter can be examined to some extent on Figure 5. 
Indeed, on 98/02/20, one notices a pronounced drop of the backscatter coefficients related to: 1) 
the data acquisition at a steeper incidence angle and 2) the occurrence, on 98/02/18, of a brief 
snowmelt event. Normally, since they are issued from sensors employing different polarizations, 
RADARSAT-1 and ERS-2 data cannot be directly compared. Nevertheless, one observes that the 
backscattering coefficients extracted on the 98/02/09 RADARSAT-1 image are stronger than 
those issued from the ERS-2 image gathered ten days later, on 98/02/18 (Fig. 6). Consequently, 
one can assume that backscatter diminished from one date to the other. The climate data recorded 
at a meteorological station installed in the vicinity of site FI effectively shows that the snow 
surface temperature reached +3.6°C on 98/02/18 at the time of ERS-2 overpass. Consequently, 
ERS-2 backscatter was low as a result of the attenuation of the microwave signal by liquid water 
within the surficial layers. The decrease in snow depth measured at the Churchill Airport weather 
station during this period also support the ERS-2 observations and could explain, in addition to 



differences in incidence angle, part of the drop in backscatter observed with RADARSAT-1 on 
98/02/20. 

 
Figure 6: ERS-2 temporal backscatter signatures at the six snow sampling sites. 

Shown are means, ±1 standard deviation. 

ERS-2 data efficiently supplement the RADARSAT-1 dataset, especially at the beginning of the 
snow accumulation period (Fig. 6). Indeed, earlier we noted that RADARSAT-1 backscatter 
values tended to strongly decrease from 97/11/12 to 98/12/13, for all six snow sampling sites. The 
same well-generalized decrease of the radar backscatter can be observed from the ERS-2 images, 
between 98/10/05 and 98/12/14. The freeze-up of the landscape is responsible for the fall decrease 
in backscatter. A similar pattern was reported by Duguay et al. (1999) in the Churchill area, from 
ERS-1 images gathered over a full annual cycle (1992–93). By comparing the temporal evolution 
of the radar signal with the mean air temperature evolution on a annual cycle basis, they attributed 
the decline of backscattering coefficients to the general freeze-up of the landscape. According to 
these authors, the simultaneous decrease of the permittivity of soil and vegetation explain the drop 
of the intensity of the radar signal. The daily mean temperatures recorded at various depths in the 
ground, in the vicinity of the FII site are given in Table 2. 

Table 2. Ground temperatures (°C) at different depths recorded near site FII. 

Date Temperature at 5 cm Temperature at 20 cm Temperature at 50 cm 
97/11/12 0.55 1.26 1.53 
97/12/13 –0.25 0.37 0.54 
98/01/16 –1.09 –0.27 –0.01 
98/10/05 5.89 5.22 5.55 
98/11/09 –0.38 0.79 1.99 
98/12/14 –0.63 0.01 0.83 
99/03/29 –0.69 –0.44 –0.29 

 
These in situ measurements provide support for the interpretation of the backscatter variations 

observed during the fall and early winter period. The drop of the backscattering coefficients in fall 
undeniably coincide with the gradual penetration of the cold wave through the surficial ground 
layers. According to Bernier and Fortin (1998), as long as soils are not frozen, the accumulation of 
snow on the ground surface does not fundamentally affect the backscatter values. In the Churchill 
study area, we find that the increase of the radar return ascribable to an increase of the snow water 
equivalent only appears when the ground is frozen on at least the first 20 cm. Although snow starts 
to accumulate on the ground as early as in late October to early November, the effect of snow 
cover on C-band radar backscatter does not appear until the 98/01/16 (fig. 5). Before then, the 
effect of gradual ground freezing dominates the signal. Consistently low temperatures (<–20oC) 



and warm snow/ground interface temperatures (>–5oC) create strong vertical temperature 
gradients across the snow, conducive to the formation of depth hoar layers (Sturm et al., 1993). 
The very low air temperatures recorded from late December 1997 trough the third week of January 
1998 favored the development of significant depth hoar layers at the bottom of the snow packs 
which most likely contributed to the raise in backscatter observed with RADARSAT-1 on 
98/01/16. 

The increase in backscatter (+4.14 dB) observed at SI site on 98/11/09 contradicts the general 
pattern of a decrease in backscatter with fall freeze-up occurring at the other sites. This sharp 
increase in backscatter results from the presence of a floating ice cover with bubble inclusions that 
formed following the flooding of the fen in fall. The dielectric contrast between the ice cover and 
the underlying water is higher compared to the situation prevailing when the fen is completely 
frozen (Duguay et al., 1999). Bubbles within floating ice covers have been identified as an 
important contributor to volume scattering, resulting in strong radar returns (Duguay et al., in 
press). Yet, when the ice cover freezes to the bottom of the fen much of the radar signal is 
absorbed due to the low dielectric contrast between the ice and frozen sediments. This explains the 
drop in backscatter observed with ERS-2 between 98/11/09 and 98/12/14. Finally, the 
disappearance of snow cover in spring results in a generalized increase of the backscattering 
coefficients which is related to a gradual thawing of the landscape (Fig. 5 and 6). Site SI is one 
exception to this, as the decrease of 11 dB is due to the strong specular reflection from the flooded 
surface of the fen away from the radar sensor. 

CONCLUSION 

Obviously, a relation exists between variations of the radar signal and the amount of snow on 
the ground. This we were able to verify by examining both the spatial and temporal variations in 
RADARSAT-1 and ERS-2 backscatter coefficients. We found that the scattering effects induced 
by snow on the ground appeared only when the ground became frozen on the first 20 cm. The 
comparison of two RADARSAT-1 images acquired in winters 1997–98 and 1998–99 showed that 
the backscatter variations globally matched the variations of snow cover conditions from on year 
to the next. Differences in the intensity and spatial patterns of radar returns could be explained in 
part by the amount of snow on the ground, as well as snow density, stratigraphy, and 
granulometry, which differed between the two winters. We also showed that, in addition to 
incidence angle and snow cover parameters, other factors have to be considered in order to explain 
the variations in backscatter coefficients. These include substratum variations and forest canopy. 
C-band SAR data are greatly affected by the variety and complexity of local environmental 
conditions, so that no simple empirical relationship between snow water equivalent and radar 
backscatter are likely to be applicable in environments as complex as the Churchill area. 

The 5.3 GHz frequency (C-band) at which current SAR sensors such as ERS-2 and 
RADARSAT-1 operate is probably not ideal for estimating snow water equivalent. According to 
Rango (1993), the analysis of SAR data is particularly more complex than the interpretation of 
passive microwave signals, mainly because of the dry snow cover transparency occurring at the 
5.3 GHz frequency as well as the particular geometry of the radar return, combined to the 
confusion induced by the backscatter contributed from surfaces under the snow cover. Rango 
(1993) furthermore deplores the limited number of investigations conducted at millimetric waves, 
which seem to be ideally suited for snow studies. Among the most promising and latest 
experiment is the one by Strozzi and Mätzler (1998). These authors analyzed backscatter for 
snow-covered sites situated in the Swiss and Austrian Alps, at 5.3 and 35 (Ka-band) GHz 
frequencies, with two scatterometers mounted on a tower-based platform. In particular, they 
observed that the C-band radar signal is mainly scattered by the ground surface for incident angles 
above 20° (surface scattering) while the Ka-band radar return primarily arises from the snow cover 
volume (volume scattering), so that it can be correlated as expected with snow depth or water 
equivalent values. As shown in this study, the interpretation of radar images over dry snow covers 



remains, even today, a challenge due to the complex interactions between the C-band radar signal 
and the snow pack and underlying surfaces. 

Incontestably, the access to images acquired in the Ka-band would be ideal for snow cover 
studies, as that frequency is closer to the size of snow particles and thus primarily dominated by 
volume scattering effects. Unfortunately, no spaceborne programs emphasizing the use of 
millimetric wavelengths are scheduled in a foreseeable future. Neither the RADARSAT-II SAR, 
nor the ENVISAT ASAR which will succeed to the ERS-2 AMI, will explore the Ka-band. 
However, these systems will permit the acquisition of C-band polarimetric data as previously used 
during SIR-C/X-SAR experimental missions, and in which the potential for snow cover studies 
was specifically emphasized (e.g. Mätzler et al., 1997; Strozzi and Mätzler, 1998). In the 
meantime, additional studies on the use of current C-band (HH and VV) SAR sensors are essential 
in order to improve our understanding of the C-band response of snow-covered surfaces, 
particularly in areas with landscapes as heterogeneous and complex as those found in the Hudson 
Bay Lowlands near Churchill, Manitoba. 
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